Background: Thy-1 is a major cell-surface glycoprotein of mature neurons and certain other cells, including those of the lymphoreticular system. Despite being the simplest member of the immunoglobulin superfamily, the biological role of Thy-1 has proved elusive. Analysis of Thy-1 null mice has shown the presence of excessive GABAergic inhibition of neurotransmission in the dentate gyrus of the hippocampal formation selectively, without any neurological or behavioural effects being apparent.
Background
Thy-1, the smallest member of the immunoglobulin superfamily of cell adhesion molecules, is expressed at very high levels on neurons after axonal growth is finished [1] . Its interaction with an astrocytic ligand inhibits neurite outgrowth in cultured cell lines [2] , suggesting that the Thy-1 protein may regulate neuronal plasticity in the astrocyte-dominated grey-matter areas of brain. Knock-out mice in which the Thy-1 gene has been inactivated by homologous recombination show excessive GABAergic inhibition in the dentate gyrus [3, 4] . This inhibition was sufficiently strong to inhibit long-term potentiation (LTP) in the dentate gyrus of anaesthetised mice [4] , although inhibition of LTP has proved to be incompletely penetrant in awake mice [5] .
Does this local excess of GABAergic inhibition in the dentate gyrus produce a behavioural phenotype sufficiently severe to compromise survival of the species and so conserve the expression of Thy-1 at high levels in vertebrate brain? Answering such a question is complicated by possible contributions to the behavioural phenotype from linked genes [6, 7] and by the influence of the genetic background of the embryonic stem (ES) cells used for transgenesis and the mouse strain onto which the inactivated gene has been bred [8] [9] [10] . These sources of genetic variation can result in the initial phenotype of transgenic mice being unstable during further breeding (for example, in α-CAMKII [11] and prion protein [12, 13] knock-out mice). We found a marked initial behavioural phenotype of Thy-1 null mice (including high levels of aggression and defective motor coordination) that was removed by two rounds of outbreeding [14] from which Thy-1 null mice with apparently normal behaviour were obtained by interbreeding [4] . Analysis of thymocyte development in Thy-1 null mice has found hyper-responsive T-cell receptor signalling that disturbs the balance of thymocyte maturation [15] , although this may not be apparent in all test systems [16] .
In order to identify a consistent, Thy-1-dependent, behavioural deficit, we inactivated Thy-1 in 129/Sv/Ev [4] and C57Bl6 ES cells and outbred the resulting mice to 129/Sv/Ev and C57Bl6 strain mice for four or five generations ( Figure 1 , Table 1 ) before interbreeding to obtain Thy-1 -/-and Thy-1 +/+ littermates for behavioural testing.
Results

Defective performance in the test for social transmission of food preference
Normal rodents display neophobia and will avoid novel foods. Their recognition of food as safe is acquired, not only by their own dietary experience, but also by their social interactions as part of a colony. When a rodent returns from foraging, it is examined by the rest of the colony, which then preferentially eat food having the same scent as that detected on the breath of the returning mouse, rather than food with an unknown scent [17] . To test this behaviour experimentally, a 'demonstrator' mouse was taken from its littermates and allowed to eat food cued with a novel odour before being returned to its home cage for two 5 minute periods (separated by an interval of 1 minute). This stimulated the test mice to twice investigate the demonstrator, after which they were immediately placed individually in cages for 2 hours where they had the choice of food flavoured with the cued scent or with an alternative scent [18, 19] . All 129/129 Thy-1 null mice ( Figure 1 ) failed to distinguish between the cued and non-cued foods, whereas their normal littermates showed a clear preference for the cued food (Figure 2a ; genetic × cue interaction F(1,53) = 6.9, p = 0.01). The C57/C57 null mice also failed to choose the cued food preferentially (Figure 2b Table 1 Genetic contribution to Thy-1 null sublines. genetic × cue interaction F(1,23) = 7.8, p = 0.01) as did mice of the C57/129 and 129/C57 sublines ( Figure 2c ; genetic × cue interaction, F(1,44) = 3.7, p < 0.05).
Genetic and pharmacological rescue of phenotype
Restoration of Thy-1 expression in null mice (129/129 subline) was achieved by crossing them with transgenic mice expressing Thy-1 under the control of its own promoter to ensure appropriate developmental and cell-type expression in the nervous system [20] . Littermates that were Thy-1 -/-for the endogenous Thy-1 gene and Thy-1 +/-for the transgene showed a strong preference for the cued food (Figure 2a) , definitively excluding the possibility that the phenotype observed was due to other genes linked to the inactivated Thy-1.
The second form of rescue was pharmacological, to test whether the phenotype was due to excessive inhibition of neurotransmision by GABA. When the GABA A receptor antagonist pentylenetetrazole (PTZ) was injected intraperitoneally into Thy-1 null mice at a sub-convulsive dose of 15 mg/kg 20 minutes before their first exposure to the demonstrator mouse, PTZ would have been active throughout the acquisition phase of interaction, as well as during the consolidation and retrieval phases. This injection restored a highly significant preference for the cued food ( Figure 2a , PTZ pre-social interaction). This test was repeated with another group of mice, in which PTZ was injected immediately prior to the test of food selection, after the two periods of interaction with the demonstrator mouse, and was thus active only during the consolidation and retrieval phases. These injected Thy-1 null mice still showed a significant preference for the cued food ( Figure 2a , PTZ post-social interaction).
Thy-1 null mice are competent to perform the test for social transmission of scented food
The impaired learning in the Thy-1 null mice was not due to a reduction in the time spent interacting with the demonstrator mouse ( Figure 3c ; genotype × interaction F(1,24) < 1.0), nor in their levels of neophobia, as assessed by their preference for their normal food over food flavoured with cued ( Figure 3a ) or non-cued (Figure 3b ) scents.
The ability of the mice to use the olfactory cues in a learning task was assessed by training them to find a reward hidden at the end of one arm of a T-maze cued by dusting the arm with cocoa or cinnamon (the other arm being dusted with the non-cued scent). Thy-1 null mice learnt the task at the same rate as their normal littermates (Figure 3d ), and after 15 days there was no significant difference in the null and wild-type mice that had reached criterion (Fischer exact probability, p = 0.3).
To determine whether the failure of the Thy-1 null mice in the social transmission test could be due to increased anxiety, they were tested in the elevated plus-maze [21] . The mutant mice did not differ from controls in their levels of locomotor activity or exploration in the holeboard [22] nor in their rate of between-day habituation (genetic × days interaction, F(2,40) < 1.0 in all cases; Figure 4d -f). Within-session habituation was also normal, with all mice showing a significant decrease in head-dipping across the successive four 2.5 minute time-bins (F(3,60) = 4.1, p = 0.01) with no genetic × time-bin interaction F(3,60) = 0.2).
Strain-specific effect of Thy-1 inactivation revealed in the watermaze
In addition to the four sublines analysed above, an additional F1 hybrid subline, obtained by intercrossing 129/129 and C57/C57 Thy-1 +/-mice, was analysed in the hidden platform version of the watermaze [23] . No difference dependent on Thy-1 genotype was seen for any of the mice in the time taken (for example, Figure 5a -c) or distance travelled (data not shown) to find the hidden platform, nor in their memory of the platform position assessed in the probe test (for example, Figure 5e ). A difference, dependent on strain background but not on Thy-1 type, was conspicuous in the rate of learning of the position of the platform and is most readily seen by comparing the slopes (obtained by linear regression) of the learning curves for the wild-type mice of different genetic backgrounds (Figure 5d ; genotype × slope, F(4,56) = 13.24, p < 0.0001). Both sublines bred onto the 129/Sv/Ev background showed nearly identical, slow rates of learning (slopes of -2.7 and -2.8 for 129/129 and C57/129, respectively; p > 0.90). The two C57Bl6 sublines also showed similar but faster rates (slopes of -4.9 and -5.65 for C57/C57 and 129/C57, respectively, p > 0.90; the learning slope for combined C57 sublines differs from that of combined 129 sublines, p < 0.001), with F1 hybrid mice learning the fastest (slope of -9.05; differs from other slopes, p < 0.01 (C57 sublines) and p < 0.001 (129 sublines)). Following the probe test, the position of the platform was altered to quadrant 3; mice were placed for 20 seconds on the hidden platform to appraise them of its new position before receiving two trials per day for 4 days. Thy-1 null mice bred onto the 129/Sv/Ev, but not the C57Bl6, background were significantly faster at finding the new position than wild-type littermates on the first day of testing (Figure 5f ). The source of this difference is not clear. Wild-type mice had a non-significant tendency to return more often than the nulls to the former position of the platform, at the expense of searching for the new position, although this did not vary with strain background (after pooling data, wild-type and null mice of the two 129 sublines crossed the former position of the platform 2.32 ± 0.42 and 1.65 ± 0.26 times, respectively, compared with 2.45 ± 0.32 and 1.74 ± 0.23 times for wild-type and null mice bred onto the C57Bl6 background). By the second day of testing, no significant differences dependent on Thy-1 or strain background were observed in searching for the new position of the platform (data not shown).
Discussion
Inactivation of the Thy-1 gene causes a selective cognitive defect
A distinctive advantage of the application of reverse genetics to the analysis of the molecular basis of cognitive function is that it extends this study to the role of proteins, such as cell-adhesion molecules and neurotrophic factors, whose regulation of synaptic interactions cannot be studied by pharmacological means [24] [25] [26] . This approach is particularly applicable to Thy-1, which appears in the brain after the main period of axonal growth is completed [1] ; thus, many developmental problems associated with constitutive gene inactivation are avoided. Although Thy-1 is expressed by mature neurons throughout the brain [1] , its absence results in mice that are remarkably normal in their neuroanatomical organisation [4] , and -with the notable exception of GABAergic inhibition in the dentate gyrusin the electrophysiology of their hippocampal [3] [4] [5] and central visual [27] systems. Crucially, the behaviour of the mice is also normal across a range of tasks, against which their defective performance in the test for socially transmitted food preference can be assessed.
The failure to select appropriately cued food was found in mice derived from two independent ES cell lines, bred onto both 129/Sv/Ev and C57Bl6 strains, and was fully rescued by transgenic expression of Thy-1 in the null mice; it is therefore due to the absence of Thy-1. As the dentate gyrus, known to have excessive GABAergic inhibition in these mice [3, 4] , is the main point at which olfactory information enters the hippocampal formation from the entorhinal cortex [28] , we were particularly interested in the capacity of Thy-1 null mice to perform olfactory-cued tasks. The Thy-1-dependent defect is not a general one of olfactory-cued learning, however, as these mice used the same cues to learn a T-maze; rather, the absence of Thy-1 affects learning in a specific context of social behaviour.
Cause of defective learning in the test for social transmission of food preference
The defect in socially cued food preference is due to aberrant regulation of GABA A -dependent inhibition of neurotransmission in Thy-1 null mice. PTZ, delivered intraperitoneally, was maximally effective in mice during the period 20-60 minutes after injection, as judged by the duration of myoclonic symptoms induced by higher doses of the drug ( [29] and V.M-P., unpublished observations). When administered to the Thy-1 null mice 20 minutes before interaction with the demonstrator, PTZ would have been effective during the two 5 minute interaction periods, the consolidation phase and the initial selection of food. Thus we are unable to specify which phases of learning benefited from GABA A antagonism in this group of mice. However, PTZ injected into the second group of mice immediately after the acquisition phase, when it would be maximally effective during consolidation and retrieval of socially transmitted information, was sufficient to rescue performance in this task. We cannot exclude the possibility that a reduction of GABA A inhibition during acquisition is also beneficial.
The site(s) at which excessive GABA A inhibition acts to impair learning in this task is unknown. The dentate gyrus is a candidate [4] . Patch-clamp analysis has shown that excessive GABAergic inhibition affects spontaneous, but not induced, inhibitory post-synaptic currents in dentate granule cells, suggesting that the absence of Thy-1 does not directly affect GABA A receptors or GABA release, but rather influences the level of excitability of the GABAergic interneurons [3] . We suspect that this may be due to overinnervation of the dentate gyrus by serotonergic axons, which modulate spontaneous inhibitory post-synaptic currents in dentate granule cells [30] [31] [32] . By immunohistochemistry, we observed these axons to be more than twice as dense in the dentate molecular layer and hilus (and not elsewhere in the hippocampus) in Thy-1 null mice compared with their wild-type littermates (V.M-P. and R.J.M, unpublished observations). The key difference between the dentate gyrus and the rest of the hippocampus may be its late development [33] , which could allow the latedeveloping interaction between neuronal Thy-1 and astrocytes [1, 2] to restrict the terminal arborisation of serotonergic axons selectively in this region.
Such a mechanism could equally apply in other latedeveloping regions of the central nervous system, such as the granule layer of the olfactory bulb where GABAergic inhibition can affect olfactory-based learning [34, 35] . Extra-hippocampal sites need to be considered, as the acquisition phase of learning the social transmission of food preference is not impaired by removal of the entire hippocampal region, including the dentate gyrus, in rats [36] . Thy-1 could also control late-developing terminal arborisation of other axonal systems. In particular, it could control that of dopaminergic axons, which also regulate the activity of GABAergic interneurons [37] , and which we find have enhanced activity in restricted regions of the brains of Thy-1 null mice (V.M-P. and R.J.M, unpublished observations).
Strain-specific behavioural effects shown in the watermaze
Although defective learning of the social transmission of scented food was found with the Thy-1 null allele generated and bred on two different mouse strains, more subtle effects dependent on genetic background were observed in the watermaze, for which we used a more challenging task (2 m diameter pool, two trials per day) than was used in the earlier evaluation of the mice [4] . No Thy-1-dependent difference was found in the ability of the mice to learn the initial position of the platform, or to recall it in the probe test. The initial learning was strongly influenced by background strain, as reported by others [38] [39] [40] ; our results further show that the different rates of learning typical of 129/Sv/Ev and C57Bl6 mice were acquired within three to four rounds of backcrossing. Only one Thy-1-dependent effect was found, and that only in the weaker learning strain (129/Sv/Ev), for which Thy-1 null mice were initially more effective at learning the new position of the platform.
Implications of the selective cognitive defect caused by inactivation of the Thy-1 gene
The behavioural phenotype shown by the Thy-1 null mice is, we believe, unique. Mice mutant for the cyclic AMP response element binding protein (CREB) are defective in long-term memory tested as social transmission of scented food preference [19] , but not in the immediate test which the Thy-1 null mice failed. Huntingtin null mice [41] show defective learning of the new position of the hidden platform, in contrast to Thy-1 null mice on the 129/Sv/Ev genetic background, whose performance was initially enhanced. Low (sub-convulsive) doses of GABA A antagonists have been reported to improve learning by normal rats in an habituation model [42] , although the increased GABA A -mediated inhibition in the Thy-1 null mice did not impair their habituation as tested in the holeboard.
The unusual and specific defect observed in Thy-1 null mice suggests that elucidation of its basis will reveal novel aspects of the molecular basis of cognition. Our results pose the question as to what effect Thy-1 has on cognitive function in man? The Thy-1 gene is on chromosome 11q22-23, closely linked to the genes for neural cell adhesion molecule (NCAM) and Atm (mutated in ataxia telangiectasia) [43] . Several familial syndromes involving mental retardation are linked to this region, many but not all of which map directly to mutations in the Atm gene [43] [44] [45] [46] . Some syndromes, however, are linked more closely to Thy-1 than to Atm [47, 48] and warrant further analysis.
Materials and methods
Generation of transgenic mice
Thy-1 was inactivated in C57Bl6 ES cells using a targeting vector and strategy already described for 129/Sv/Ev ES cells [4] ; mice were bred and typed by Southern blotting [4] , and assessed for behaviour when 2-5 months old. Thy-1 transgenic mice [20] , interbred since derivation in 1986, were backcrossed twice onto 129/129 Thy-1 null mice as detailed in the legend to Figure 1 . After weaning, littermates (of Thy-1 +/+ , Thy-1 +/-and Thy-1 -/-genotypes) were housed together. The order of testing between social transmission of food preference, elevated plusmaze, holeboard and watermaze was varied for different groups of mice; each group was assessed in only one test at any one time.
Social transmission of food preference
This test was conducted in the home room between 18.00-22.30 h, with mice fasted from 8.00 h, as described [17, 19] with the following details. The pairs of scents used were: 2% cocoa versus 1% cinnamon; 0.2% cloves versus 2% cumin; 0.15% coriander versus 0.15% ginger; proportions indicated are % w/w of ground scent in normal crushed chow prepared 48 h before use and sealed in a polypropylene jar. Thy-1 +/-littermates were pre-run in the test, to finely adjust levels of scent to avoid strong food preferences. For the test, a non-dominant Thy-1 +/-littermate (the demonstrator) was removed for 2 h to eat one scented food, then returned to the home cage for two consecutive 5 min periods of interaction with the experimental group. Each mouse was then placed individually in a cage, with two bowls of food 20 cm apart containing the alternative scented foods, and allowed to feed for 2 h. The amount eaten was determined by weighing the remaining food; mice scattering the food out of the bowl, or eating less than 0.2 g, were eliminated from analysis. The test was repeated with the remaining two pairs of scented foods. Each scent within the pair was used to cue the same number of mice of each genotype and gender; where any group showed a significant preference for one or other scent irrespective of cueing by the demonstrator, data from this scent pair were not included in the analysis. Every experiment included a positive control group (Thy-1 +/+ littermates) and, for PTZ injections, a negative control (Thy-1 -/-mice injected with saline).
Social interactions
The interaction of test mice with the demonstrator mouse on its return to the cage for two consecutive 5 min periods was recorded by video. For each test mouse, the time spent interacting with the demonstrator, and number of interactions, was determined, where an interaction was defined as sniffing, licking or head contact with the demonstrator.
Scented T-maze
Mice were initially shaped to run the T-maze by placing Sugar Puffs (Kellogs) along each arm. They were then tested, for five trials a day, with randomised baiting of arms, to find a Sugar Puff hidden behind a pile of scented food, with the arm of the maze being lightly dusted with the same scent. The other arm was dusted with an alternative scent. Criterion was reached when a mouse made six consecutive correct arm choices, followed by a seventh correct choice in a trial for which no Sugar Puff was present. The mice were tested between 10.00-13.00 h.
Elevated plus-maze
The plus-maze consists of two open arms (30 × 5 cm) facing opposite to each other and two opposite arms of the same size, but with 15 cm high walls. The arms are connected by a central 5 × 5 cm square and the maze is raised 40 cm from the floor and lit by dim light. Mice were placed in the central square, facing an open arm, and were allowed 5 min to explore the maze freely. They were observed from a video monitor in an adjacent room. An arm entry was scored when all four paws entered an arm. The mice were tested between 09.00 and 12.00 h. For further details, see [21] .
Holeboard
The holeboard (40 cm square with walls 27 cm high) had four equally spaced holes in the floor of 3 cm in diameter. Infrared beams under the holes detected the number of head-dips into the holes and the time spent head-dipping, and infrared cells in the walls detected locomotor activity [22] . Mice were given 10 min trials on three successive days, between 09.00 and 12.00 h.
Watermaze
This was conducted as previously [4] except that mice received two 90 sec trials per day, spaced 40 min apart, in a 2 m diameter pool with a 15 cm circular platform hidden 35 cm from the wall in quadrant 4; water temperature was 23 ± 1°C. Three rods, painted with vertical, horizontal or slanted black and white stripes of different widths, placed outside the pool served as cues. Video data were analysed by HVS Water software (HVS Image). Swimming speed and distance swum, and, for the probe test, time spent and distance swum in each quadrant, were analysed and did not differ with genotype, giving the same results as those in Figure 5 .
